is a susceptible strain for the development of gray induced mouse thymic lymphoma whereas MSM shows resistance. Association analysis of 220 backcross mice between the two strains using 67 markers was carried out to identify loci involved in the control of susceptibility. The genotype of mice with lymphoma showed excess heterozygosity relative to MSM homozygosity at D2Mit15 and D4Mit12 and was skewed toward MSM-derived alleles at D5Mit5. The P values in Mantel-Cox test were 0.0048 (D2Mit15), 0.0034 (D4Mit12) and 0.0048 (D5Mit5), suggesting association at the three loci in the susceptibility. Cooperative eect on lymphomagenesis was also observed among the three loci. To obtain independent evidence for linkage at D4Mit12, we made partially congenic mice in which a D4Mit12 region in BALB/c was replaced by MSMderived homolog. Examination for the lymphoma susceptibility in 78 progeny of the congenic mice con®rmed the eect of the locus near D4Mit12 (P=0.0037). The result, together with the linkage analysis, shows that the locus near D4Mit12 is regarded as a con®rmed linkage but the other two loci as marginally suggestive. Oncogene (2001) 20, 5243 ± 5247.
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Keywords: susceptibility gene; genetic mapping; g-ray radiation; mouse thymic lymphoma; congenic mouse Most genes which predispose individuals to cancers are of low penetrance, and hence individual genes may not confer substantial probability of cancer development. However, many of epidemiological data suggest that they comprise an important hereditary genetic component aecting the cancer incidence (Ponder, 1990; Demant, 1992; Perera, 1996; Balmain and Nagase, 1998) . The mapping and isolation of such genes in humans are complicated by the multiplicity of unlinked loci which mask clear-cut familial clustering. On the other hand, animal models of susceptibility have proved to be useful for mapping and identifying poorly penetrant genes (Dietrich et al., 1993; Nagase et al., 1995; Shisa et al., 1996; Moen et al., 1996; Cormier et al., 1997; Van Wezel et al., 1999) . There are many dierent inbred mouse strains that show variation in cancer susceptibility. For instance, BALB/ c is a susceptible strain to the development of thymic lymphoma after exposure to g-ray radiation (Meruelo et al., 1981; Okumoto et al., 1990) while MSM, an inbred strain derived from Japanese wild mice, Mus musculus molossinus, shows resistance (Matsumoto et al., 1998) . Crossing of the sensitive and resistant strains may provide valuable information about the number of genes involved, their approximate locations, and the dominant or recessive nature of the susceptibility.
We have thus generated a total of 293 backcross mice from BALB/c and MSM strains and subjected them to four times g-irradiation of 2.5 Gy at a week interval at an age of 4 weeks. Mice were inspected for labored breathing and thymic lymphomas were con®rmed upon autopsy of the mice. Figure 1a shows the cumulative frequencies of thymic lymphoma up to 310 days of BALB/c, F1 and two types of backcross mice, N2M (backcrossed to MSM) and N2C (backcrossed to BALB/c). The intersubspeci®c F1 hybrid and N2C backcross mice showed similar incidences to that of BALB/c while N2M mice exhibited resistance to the lymphoma development, suggesting multiple tumor susceptibility loci in the BALB/c genome. Thus, N2M mice were used for association study. DNA was extracted from normal brain and genotyping was carried out with polymerase chain reaction (PCR) of 67 microsatellite marker loci (Dietrich et al., 1996) . The average and maximum distances between the marker loci were 24 and 32 cM, respectively. Linkage was evaluated by the w 2 test for goodness of ®t against an expected 1 : 1 ratio of BALB/MSM and MSM/MSM genotypes. When a marker locus showed a possible linkage (w 2 test, P50.05) in the primary screen of 60 N2M mice with lymphomas, all 220 N2M mice were genotyped for other loci in the vicinity. Results revealed three marker loci with skewed genotypic ratios at D2Mit15 on chromosome 2, at D4Mit12 on chromosome 4 and at D5Mit5 on chromosome 5 (Table 1) . Since the three markers were the most 
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closely linked, susceptibility loci were likely to reside near the three marker loci.
At each locus, the mice with lymphoma were divided into two genotypes, C/M heterozygotes and M/M homozygotes, and ordered according to the ascending age-of-onset ( Figure 1b ). The distribution of the two groups diered for all three loci. The susceptibilitygiving alleles were located in the vicinity of D2Mit15 
D2Mit15/D4Mit12/D5Mit5 14 4 14 38 14.4 0.00015 (a) C/M, heterozygous for BALB/c and MSM alleles; M/M, homozygous for MSM alleles. (b) Sus/Sus, a combination of genotypes in two loci that both give susceptibility; Res/Res, a combination of genotypes in two loci that both give resistance. (c) S/S/S, a combination of genotypes in the three loci that all give susceptibility; R/R/R, a combination fo genotypes in the three loci that all give resistance. (d) c 2 and P values were obtained by analysis with StatView-J 4.11 software on a Macintosh personal computer. Evaluation of linkage followed the criteria of Lander and Kruglyak (1995) . Linkage was taken as suggestive in the backcross mice when P was less than 3.4610 73 and was signi®cant when P was less than 1.0610
74
. As for the cogenic mice, linkage was taken as signi®cant when P was less than 0.0060
and D4Mit12 of BALB/c origin and contributed for higher incidences and shorter latencies. On the other hand, the D5Mit5 locus exhibited opposite eects in which M/M homozygotes exhibited shorter latency and higher incidence than C/M heterozygotes. This suggests that there is a resistance-giving dominant allele in the BALB/c genome near the D5Mit5. Genotyping of 73 N2C backcross mice was performed in a similar manner. None of the three loci showed a skewed genotypic ratio in the association analysis (data not shown), consistent with that the susceptibility/resistance loci were dominant. Genetic interactions between the three loci were examined. Figure 1c shows the cumulative frequencies under combinations of two of the three loci. The distribution diered between mice having two susceptibility alleles and mice possessing two resistance alleles in the combination of any two of the three loci. Besides, the dierence between each combination was larger than that between each single locus (Table 1) . Such interaction was also noted for the combination of the all three loci (Figure 1d ). These results suggested cooperativity among the three loci in lymphomagenesis, although it was dicult to distinguish additiveness or synergism of the cooperativity.
To provide independent evidence on the susceptibility, we have been generating mice congenic for each of the three loci by backcrossing MSM to BALB/c ®ve or six times according to the marker-assisted protocol (Markel et al., 1997) . In the course of the cross, we obtained a group of six heterozygous mice that received chromosomal regions near D4Mit12 (55 cM from the centromere) from the MSM genome (see the legend to Figure 2 for details). Five of them carried regions of at most 25 cM spanning D4Mit9 (39 cM) and D4Mit338 (58 cM), and the remaining one harbored an approximately 8 cM region containing D4Mit278 (54 cM) and D4Mit338 (58 cM) (Figure 2a) . The partially congenic mice were mated with MSM mice and their 78 ospring were subjected to g-ray irradiation. Genotyping with ®ve markers (D4Mit9, D4Mit331, D4Mit278, D4Mit12 and D4Mit338) revealed that 32 mice received the BALB/c chromosome from the heterozygous mice and 46 inherited the recombinant chromosome bearing the MSM genome, eight of which underwent recombination in the heterozygous region. w 2 test for the association at each of the four loci provided the lowest P value at the D4Mit12 locus (Table 1 ). Figure 2b shows the cumulative lymphoma incidence of the homozygotes and the heterozygotes at the D4Mit12 locus. The two groups showed a signi®cant dierence in the incidence and latency (P=0.0037 in Mantel-Cox test. See the legend in detail). These data con®rmed the presence of a dominant susceptibility-giving allele near the D4Mit12 locus on the BALB/c chromosome.
Mouse thymic lymphomas are one of the classic models of radiation-induced malignancies (Kaplan and Brown, 1952) . A series of genes involved in maintenance of genomic stability are shown to aect the lymphoma induction in mice and these include p53 (Donehower et al., 1992; Giaccia and Kastan, 1998) , ATM (Liyanage et al., 2000) , mismatch repair genes (Baross-Francis et al., 2000) , and p21 (Wang et al., 1997) . Our previous study of positional cloning implicated the Ikaros gene in thymic lymphoma (Okano et al., 1999) , and the gene was also shown to be involved in the development of human acute lymphoblastic leukemia (Sun et al., 1999) . Therefore, mouse thymic lymphomas can oer an important clue to how cells are converted to become malignant in mice and in humans. However, little study has been conducted on large-scale mapping of low penetrant genes which predispose to cancers.
The present study examined susceptibility of BALB/c mice to induction of thymic lymphomas by g-ray irradiation and the results suggested the existence of three major susceptibility genes on chromosomes 2, 4 and 5. BALB/c alleles near D2Mit15 and D4Mit12 conferred susceptibility, whereas a BALB/c allele near D5Mit5 gave resistance, although examination of intersubspeci®c F1 hybrids between BALB/c and MSM showed overall susceptibility to the lymphoma development. The evidence for linkage was modest, however, especially given the concern about the use of multiple statistical tests (Lander and Kruglyak, 1995; Darvasi, 1998) . None of the three loci provided signi®cant linkage by the analysis of backcross mice; their linkages were marginally suggestive ( Figure 1 and Table 1 ). Combinations of two or three of the susceptibility/resistance loci showed cooperative eect on lymphoma induction which might have re¯ected epistasis of interacting genes. We therefore produced partially congenic mice for the D4Mit12 locus and assayed the susceptibility of their progeny. The higher incidence of lymphoma was observed in mice having the BALB/c-derived chromosomal region at D4Mit12, which con®rmed the genome survey result. These two independent data concluded signi®cant linkage between the D4Mit12 locus and the lymphoma susceptibility. Besides, the experiment of congenic mice revealed that this susceptibility locus was localized within a region between D4Mit185 and D4Mit339. It was reported that a region with the b and ifa genes¯anking the D4Mit12 locus was involved in g-ray induction of thymic lymphoma (Okumoto et al., 1990) . However, the data were based on an analysis of only 11 lines of recombinant inbred mouse strains and therefore failed to provide signi®cant linkage under the restriction of multiple statistical tests (Lander and Kruglyak, 1995; Darvasi, 1998) .
In general, susceptibility/resistance locus could involve factors either extrinsic or intrinsic to the tumor cell lineage. Action extrinsic is exempli®ed by the activity of secretory phospholipase A2 gene that is a modi®er of the Apc-gene mutation in intestinal tumors (Su et al., 1992; Dietrich et al., 1993; Macphee et al., 1995; Cormier et al., 1997) . The phospholipase A2 is secreted and acts outside of the tumor cells, and it probably aects the net growth rate and multiplicity of adenomas by yet to be clari®ed mechanism. Interleukin 14 was mapped in the region near D4Mit185 and Oncogene Susceptibility to g g-ray-induced lymphoma Y Saito et al D4Mit339, and this could be a candidate for the modi®er in lymphomagenesis. Actions intrinsic might involve mutational inactivation of susceptibility/resistance genes required for tumor development. Some alleles may aect tumorigenesis without mutational inactivation (Dietrich et al., 1993) . Certain susceptibility loci were found to be mutated tumor suppressor genes (Ponder, 1990; Perera, 1996; Balmain and Nagase, 1998) . Since a BALB/c allele near the D5Mit5 locus conferred resistance for the lymphoma development, the BALB/c allele could be a functional tumor suppressor gene while the MSM allele mutated. This possibility is low, however, because allelic loss frequency was as low as 2 in 80 F1 lymphomas for D5Mit5 (data not shown), and this observation was consistent with our previous analysis (Matsumoto et al., 1998) . On the other hand, the BALB/c allele at D2Mit15 or D4Mit12 might elevate the rate of somatic mutations at lymphoma-related tumor suppressor. We previously showed that Ikaros and D12Mit279 loci on chromosomes 11 and 12, respectively, underwent allelic loss at high frequencies in lymphomas, a characteristics of tumor suppressor genes (Matsumoto et al., 1998; Okano et al., 1999; Shinbo et al., 1999) . Thus, the frequencies of allelic loss of these two loci were examined in lymphomas developed in the partially congenic hybrids for the D4Mit12 locus. No dierence in the frequency was observed between C/M heterozygous and M/M homozygous lymphomas of D4Mit12 (data not shown), suggesting that the BALB/c allele in this region did not aect a recombination/repair process that increases the mutation frequency.
Eorts are now being made to generate congenic strains for the three loci of D2Mit15, D4Mit12 and D5Mit5. Those mice will be used for lymphoma susceptibility testing to narrow down the loci. Recent advance of human and mouse genome projects will aid in the identi®cation of transcripts or candidate genes within the loci. Subsequent cloning of these genes would elucidate the underlying mechanisms of cancer susceptibility. (Markel et al., 1997) ; a total of 111 polymorphic markers were employed that were distributed throughout the genome. Six backcross mice used in this experiment carry at most the 25 cM interval of the MSM genome marked by the black line. The six mice were mated with MSM and their 78 progeny were subjected to irradiation. However, two of the six mice still retained the D11Mit26 region and thus the 78 progeny consisted of 66 mice with C/M genotype and 12 mice with M/M genotype at D11Mit26. At this D11Mit26 locus, no linkage disequibirium was observed in analysis of N2M backcross mice nor the 78 progeny (data not shown). (b) Lymphoma frequencies in C/M heterozygotes and M/M homozygotes at D4Mit12 of 78 hybrids that were produced by crossing partially congenic mice to MSM. P value of Mantel-Cox test is shown. Evaluation of linkage followed the criteria of Lander and Kruglyak (1995) . The statistical threshold of the congenic mouse data was corrected for multiple comparisons using the formula of Lander and Kruglyak (1995) . To achieve a false positive rate of 5% or less in the analysis of markers on the congenic region, we used a P=0.0060 threshold Susceptibility to g g-ray-induced lymphoma Y Saito et al
